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It has been known for more than half a century that intestinal epithelial cells migrate from the base of crypts to the tips of villi, or in the case of the colon to the epithelial surface, from where they are shed. Little is known about the shedding process, chiefly because it is rarely seen in standard histology unless sections are specially prepared (Lab Invest 2006;86: 1052-1063). The present paper sheds important new light on the triggers for cell shedding and the signal transduction pathways involved (Nature 2012;15:546-9).

The authors started by examining whether caspase-3, a key effector enzyme of apoptosis, is activated during cell shedding from zebrafish epidermis, human colon and Madin-Derby canine kidney cells. They found, to their surprise, that the majority of cells undergoing spontaneous cell shedding or shedding from overcrowded epithelium did not activate caspase-3, suggesting a non-apoptotic mechanism. In contrast, when cell shedding was stimulated by ultraviolet light, all shedding cells activated caspase-3. Thus, there are two pathways leading to epithelial cell shedding, distinguished by activation of caspase-3.

The authors observed that cell shedding rates were greatest in areas where cell density was the highest, such as the mouth of the colonic crypt or the edges of zebrafish fins. To test whether cell density influences cell shedding, they grew MDCK cells on a silicone membrane stretched to 28% of its original length. They found that when the stretch was gently released, the cell density increased 1.3 fold but the monolayer, including the tight junctions, remained intact. Over the following 5.5 hours, the cell shedding rates increased and restored the original lower cell density. Caspase-3 staining confirmed that this homeostatic mechanism was predominately through a non-apoptotic pathway. 

The authors had previously demonstrated that sphingosine-1-phosphate is released by apoptotic epithelial cells, which activates the S1P receptor and elicits Rho-kinase mediated contraction of acto-myosin to mediate cell extrusion (J Cell Biol 2011; 193:667-76). Pharmacological blockade of Rho kinase with 10 µM Y-27632 or S1P signaling with 10 µM SKI II (4-[[4-(4-Chlorophenyl)-2-thiazolyl]amino]phenol) blocked both non-apoptotic and apoptotic pathways to cell shedding. However, in contrast to cells shed through the apoptotic pathway, cell culture experiments showed that cells shed through the non-apoptotic pathway remained viable for up to 2 hours post-shedding. These cells eventually died by apoptosis due to loss of survival signals from the basement membrane, a process called anoikis. A further distinction between apoptotic and non-apoptotic pathways was that the anti-apoptotic protein BCL2 did not inhibit non-apoptotic cell shedding (Apoptosis 2011; 16:491-501). 

The authors then focused on two potential triggers for homeostatic cell shedding. Blockade of Jun kinase (JNK), also known as Mitogen Activated Kinase 8, only blocked the apoptotic pathway. Therefore the authors turned their attention to stretch-activated ion channels, which can be blocked by gadolinium (Science 1989; 243: 1068-1071). They found that gadolinium blocked non-apoptotic cell shedding, both in the context of spontaneous shedding and shedding caused by cellular overcrowding, but had no effect on apoptotic cell shedding. Thus, they concluded that non-apoptotic shedding induced by cellular overcrowding, is controlled by stretch-activated signaling upstream of S1P signaling. 

To gain further evidence in support of this hypothesis, they turned to Zebrafish in which epidermal cell membranes, under control of the Claudin B promoter, were labeled with Green Fluorescent Protein (Dev. Cell 2006; 10: 673-680), enabling epidermal cell migration and shedding to be followed in vivo. Results showed that Gadolinium blocked extrusion but not cellular migration and that instead of cells shedding, they accumulated in tumors on the edge of the fins. The authors then used morpholino oligonucleotides to knock down stretch-activated channels and found that the channel relevant to cell shedding was Piezo1 (Science 2010; 330: 870-874). Like Gadolinium, fish in which Piezo1 was knocked down could not extrude migrating cells and developed cellular tumors on the edges of fins.  

Comment. In 1956, the development of techniques for labeling DNA using tritiated thymidine enabled cell migration studies to be undertaken for the first time. It rapidly became clear that epithelial cell division was restricted to the base of the crypt and that the daughter cells migrated up the villus in the small intestine. The fate of these migrating cells was not directly observed, but as there was no apparent accumulation of cells at the villus tip, it was assumed that they were shed into the small intestinal lumen. This extrusion process is not easily seen in histological sections, as shedding cells are usually lost during fixation, unless special precautions are taken (Lab Invest 2006; 86: 1052-63). For this reason although there have been isolated studies of cell shedding over the last 50 years, there has been little systematic investigation of this phenomenon (Am J Physiol 1977; 232: E408-14, J Membrane Biology 1990; 116: 177-84, Cell Biol Int.1996  20: 139-146). 

Two major questions were unanswered. The first was how equilibrium is maintained between cell division at the base of the crypt and cell shedding at the villus tip. This was particularly puzzling as there are no plausible candidate routes for feedback between the two sites and the distances involved are too great for local signalling. The second question was the identity of the trigger for shedding of an individual cell. The studies to date suggested the process was stochastic, with increasing frequency toward the villus tip. The present study provides major steps forward in answering both questions.

In answering the first question about cellular homeostasis along the crypt/villus axis, it is helpful to consider the forces responsible for migration from the base of the crypt to the villus tip. In the crypt, mitotic pressure plays a role but does not fully account for migration up the villus (Cell Tissue Kinet 1986;19:601-10, ). Histology can lead us to believe that villi are rigid structures, but it has been known for decades that villi contract. Contraction of the villous smooth muscle against the largely incompressible epithelial cells may ratchet them upwards, pulling them out of the crypt (Am J Physiol 1971; 221: 488-95, Cell Tissue Kinet 1986; 19: 611-25). The present study highlights the importance of cellular crowding in inducing cell shedding. Villus contraction will tend to accentuate cell crowding, particularly at the curved tip of the villus. Thus, both the shape of the villus, its contractile properties and the highly flexible properties of the intestinal mucosa are likely to stimulate cell shedding and to regulate the rate of this process. The question remains as to how the cell extrusion rate on the villus is balanced by cell division at the base of the crypt. 

To determine the triggers for cell shedding, it is important to understand its mechanistic basis. To date, 13 forms of regulated cell death have been described which can be distinguished on biochemical criteria (Cell Death and Differentiation 2012; 19:107-120). However only apoptotic, non-apoptotic and necroptotic mechanisms have been characterized in intestinal epithelium (Nature 2011;477:335-9). Apoptotic and non-apoptotic mechanisms have been difficult to distinguish because a primary non-apoptotic mechanism might separate the cell from the basement membrane stimulating secondary anoikis (Lab Invest 2006; 86: 1052-63). In favor of non-apoptotic mechanisms, mice lacking important apoptosis proteins such as bcl-2 have a normal mucosal architecture with no hint of abnormal cell shedding (Am J Physiol 2000; 278:G1–5). On the other hand, known apoptotic stimuli such as TNF and UV light clearly induce shedding through primary apoptotic mechanisms (Gastroenterology 2007; 133: 1769-78, Gastroenterology 2011; 140: 1208 – 1218; J Cell Biol 2011193:667-76). The current study makes it clear that there are two types of cell shedding, apoptotic and homeostatic. Homeostatic cell shedding occurs in response to cellular over-crowding, which stimulates the stretch-activated gadolinium sensitive channel Piezo1. This is one of large number of ion channels which open in response to mechanical deformation of the plasma membrane, such as occurs in neurons in response to pressure or vibration. Piezo1 is a member of a newly recognised family of proteins that function as mechano-sensitive cation ion channels previously found in neurons. Piezo1 and apoptotic stimuli cause the production of sphingosine-1-phosphate, which in turn, activates the assembly and contraction of the actomyosin ring surrounding the cell, leading to extrusion from the monolayer via a Rho Kinase-dependant mechanism (J Cell Biol 2011; 193:667-76, Gastroenterology 2011;140:1208 – 1218). 

A variety of apoptotic stimuli will trigger cell shedding from villi, including TNF and ischaemia (Gastroenterology 2007;133:1769-78, Am J Physiol 1999;276:G677-86). Strangely, genotoxic injury such as radiation does not induce apoptosis or shedding from the villus, though it is a potent inducer of p53-dependent apoptosis in the crypt (Gut 2004;53:1701-9). The explanation for this paradox is unknown, though it may be related to increased sensitivity of p53 to its inhibitor mdm2 on the villus (Cell Death Differ 2008;15:1772-81.) The implication of the current study is that Piezo1 is not involved in primary apoptotic cell shedding, though this will require further testing in a variety of scenarios.

Another form of cell death that has recently been identified in the GI tract is necroptosis. This is a form of programmed necrosis which can be induced by receptor signalling. Although its exact mechanism is unclear, receptor interacting protein 1 (RIP1), RIP 3, FADD, cFLIP, Cyld, cIAP,  and caspase 8 are known to play an important role and form a multiprotein complex called the Ripoptosome (Nat Chem Biol, 2005;1:12–119, Mol Cell 2011;43:432-48). Paneth cells are particularly sensitive to this form of cell death, which is increased in Crohn’s disease and may contribute to reduced defensin release (Nature 2011;477:335-9). Its contribution to cell shedding has yet to be defined.

Cell shedding is an essential, evolutionarily conserved mechanism for the normal functioning of intestinal epithelium. It is therefore not surprising that abnormal cell shedding might lead to disease and a number of examples are already known. Cells lacking the tumor suppressing protein adenomatous polyposis coli (APC) gene are extruded basally into the submucosa rather than into the lumen. In colorectal cancer this could enhance the invasive and metastatic potential of cells with mutant APC and other neoplastic mutations (Mol Biol Cell. 2011;22:3962-70).

Salmonella enterica that replicate in the cytosol as opposed to the vacuoles of intestinal epithelial cells, express a distinct set of virulence genes including the invasion-associated type III secretion system and flagella. Intestinal epithelial cells loaded with this subtype of salmonella are shed via a mechanism characterized by activation of caspase-1 and release of IL-18. By this mechanism the Salmonella subvert physiological cell shedding in order to disseminate widely through the GI tract (PNAS 2010;107:17733-17738).
Cell shedding is also important in Inflammatory Bowel Disease (IBD). TNF increases cell shedding and can lead to loss of barrier function. When cell shedding rates are increased, regardless of whether it is homeostatic or apoptotic, epithelial barrier function is preserved by a redistribution of tight junction proteins around the shedding cell, thus plugging the resulting gap (Curr Biol. 2001;11:1847-57, Gastroenterology 2007;133:1769-78, 2011;140:1208 – 1218). As the rate of cell shedding increases multiple adjacent cells are lost, rather than single cells being shed from a particular site. This prevents sealing of the large gap behind the shed cells and allows entry of antigens and microbes (Gut 2012 In press). This loss of barrier function creates a positive feedback loop, amplifying inflammation and causing further epithelial cell loss. The importance of this process in IBD is underscored by the fact that confocal endomicroscopic quantification of epithelial cell shedding and barrier loss in IBD patients in remission predicts relapse over the subsequent 12 months (Gut 2012 In press).

In conclusion, this study advances our understanding of cell shedding and begins to answer questions that were first posed more than 60 years ago. It is now clear that there are two types of cell shedding, homeostatic and apoptotic. Homeostatic shedding is triggered by Piezo1, which distinguishes it from apoptotic shedding. As Piezo1 is activated by mechanical deformation of the cell, it suggests that villus contraction and peristalsis may play a role in the regulation of shedding during homeostasis. This now needs to be tested experimentally. Emerging data on abnormal shedding in IBD and neoplasia is now placing cell shedding as an important player in disease pathogenesis. In order to provide further insight into these disorders, future studies should thus explore the mechanistic basis regulating cell shedding in disease. 
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